ABSTRACT cDNA of modal size -1600 nucleotides, transcribed from mouse brain polyadenylated mRNA, was annealed with excess of high molecular weight (-20 kb) genomic DNA. The Si nuclease method was then applied to determine possible sequence discontinuity between the cDNA and genomic DNA. A substantial reduction in the average size of the annealed cDNA was observed following Sl nuclease treatment. Large single copy genomic DNA, annealed with excess high molecular weight DNA, and cDNA, hybridized with its template mRNA, were resistant to cleavage by Sl nuclease. We interpret these results to indicate a high frequency of discontinuous coding sequences in the genomic DNA that annealed with the cDNA. The same result was obtained using fractionated cDNA, enriched in transcripts of relatively infrequent or abundant mRNA species. The result obtained with the infrequent sequence class cDNA indicates that tens of thousands of split genes exist in the mouse genome. Extensive cleavage of the cDNA by Sl nuclease was also observed after hybridization with >30S nuclear RNA, indicating that intervening sequences are generally transcribed.
INTRODUCTION
Recently it has been shown that some gene products in eukaryotes are encoded discontinuously in the genomic DNA. Since the initial demonstration that some 28S rRNA genes in Drosophila are split ( , other examples of discontinuous coding sequences for rRNA and tRNA have been reported (e.g. (2 '3))
The first evidence that mRNA species were not encoded in a continuous colinear sequence in DNA came from studies of adenovirus infection: certain sequences that are widely separated in adenovirus DNA were shown to be juxtaposed in viral mRNAs (reviewed in ). Subsequently, restriction mapping, electron microscopy, and sequence analysis of specific eukaryotic genes, in total DNA or in cloned fragments, led to the detection within these genes of sequences absent from the corresponding mRNAs. The presence of such intervening sequences within polypeptide coding regions was first reported for globin ( , ovalbumin (6) and immunoglobulin genes (7'8) and has since been recognized in other specific eukaryotic genes (e.g., (9) (10) (11) (12) These observations have led to the concept that the presence of inter- (13) (14) (15) (16) vening sequences may be a general feature of the genes of eukaryotes However, most of the genes which have been shown to be split code for highly abundant polypeptides in specialized cells (although, recently, discontinuity of the mRNA coding sequences has been shown for two genes which are usually represented by infrequent mRNAs (1'1)). In this report, we present evidence for the existence of intervening sequences in a substantial proportion of the genes expressed via abundant and infrequent species of polyadenylated mRNA in the mouse brain. Our results apply to a much larger number of genes than could be studied individually, thus strongly supporting the concept of the generality of split genes in higher eukaryotes, at least for those genes expressed via polyadenylated mRNA. Evidence is also presented that intervening sequences are generally transcribed, as has been demonstrated to be the case for certain specific genes (e.g., (18) (19) (20) MATERIALS AND METHODS Synthesis and Fractionation of cDNA.
RNA was extracted from mouse brain polysomes pelleted through 0.6 M sucrose (2) or from polysomes excluded from Sepharose 4B ( . Polyadenylated RNA was isolated from the polysomal RNA by binding twice to oligo(dT)-cellulose (Collaborative Research, grade T3) with the inclusion of denaturation steps (2) and was used as the template for cDNA synthesis (4) , using dT10 primer, under conditions based on those described by Kacian (25) 1 and Myers , including Na pyrophosphate. After incubation for 60 minutes at 370C, excess EDTA was added and extraction with phenol + chloroform and then chloroform was performed, in the presence of carrier E. coli RNA and phage fd DNA. After ethanol precipitation, RNA was hydrolysed in 0.1 M NaOH, 45 mM Na4EDTA at 370C overnight. cDNA was purified from the neutralized solution by exclusion from Sephadex G100 in the presence of fd DNA (1 pg/ml), included in order to reduce loss of cDNA by adsorption on surfaces. The specific activity of the cDNA was about 5x106 cpm/pg and its size ranged from about 200to 5000 nucleotides, the number average size being about 1000 nucleotides (i.e., approximately 2/3 that of the template mRNA population (21) ).
For removal of lower molecular weight cDNA, labeled cDNA was centrifuged (23 hr, 37,000 rpm, Beckman SW41 rotor, 40C) in a 5-20% (w/v) sucrose gradient containing 0.9 M NaCl, 0.1 M NaOH and 1 jig/ml fd DNA. Markers of SV40 H-DNA Hae III fragments were centrifuged in a parallel gradient.
cDNA fractions corresponding to >1600 nucleotides (-40% of the mass) were pooled, neutralized, diluted to 0.6 M Na and ethanol-precipitated, together with carrier nucleic acid (70 pg E. coli RNA and 5 ig fd DNA). The precipitated cDNA (recovery -20% of that applied to the gradient) had a modal size of 1600 nucleotides and a number average size of 1100 nucleotides as determined from alkaline agarose gel electrophoresis. For The RNA was precipitated with 3 M NaCl (0 C, overnight) and pelleted by centrifugation through 6 M NaBr, 10 were applied to DE-81 discs (Whatman) before and after the incubation to (32) determine the extent of digestion of the tracer D. ETA was added to a c6ncentration of 10 mM and the mixture was applied to a column (6x0. 5 cm) of Sephadex G50, equilibrated with 0.1 M NaCl, 10 mM Tris-HCl (pH 7.4 (Fig. 1) . We observed that exposure to S1 nuclease resulted in only slight cleavage of the annealed single copy tracer and the -1600 nucleotide peak of radioactivity was preserved. The proportion of the tracer smaller than 750 nucleotides was increased from 22% to 29% by S1 nuclease treatment (cf. 23% to 52% for the cDNA in Fig. 1) . Therefore, the effect of tracerdriver end-overlap was much too small to account for the observed Sl nuclease cleavage of the annealed cDNA shown in Fig. 1 While much of the Si nuclease-resistant cDNA was smaller than 500-800 nucleotides, a significant fraction was at least 1600 nucleotides in size ( Fig. 1) , suggesting the possible existence of some long uninterrupted coding sequences in the genome. However, the size distribution of the Si nuclease-resistant cDNA would reflect that of the genomic coding sequences accurately only if all potential cleavage sites were actually cleaved by the nuclease under the conditions used. (By potential cleavage sites, we are referring to the cDNA strand at the position opposite a loop in the type of duplex structure illustrated in the diagram). In an attempt to determine whether this was the case, a model DNA heteroduplex containing a single strand loop was constructed from plasmids pBR322 and pBR321, as shown in Fig. 3 (inset).
The electrophoretic profiles in Fig. 3 show the effect of Sl nuclease treatment on the single strand size of the shorter strand (pBR322, present as labeled tracer: see legend to Fig. 3) Fig. 4B , Si nuclease reduced the size of the annealed cDNA to an extent similar to that observed when total large cDNA was used as the probe (Fig. 1 ). As will be discussed later, this result implies the existence of many thousand genes containing intervening se- faster than -30S in sucrose gradients, (under conditions minimizing aggregation; see Materials and Methods) was recovered and hybridized with large cDNA, transcribed from poly(A)+mRNA. The size distribution of the hybridized cDNA was then determined, with or without Sl nuclease treatment.
The results obtained after hybridization of the cDNA with large poly(A) nuclear RNA are shown in Fig. 5A and with large poly(A) nuclear RNA in Fig. 5B and D (after different incubation periods) . Although some cleavage by Sl nuclease is apparent in Fig. SA , much of the hybridized cDNA appeared to retain its initial size. The results obtained with large poly(A) nuclear RNA as driver (Fig. 5B and D) were strikingly different. In this case, marked cleavage of the annealed cDNA by Sl nuclease was FRACTION NO. observed, to an extent at least as great as when genomic DNA was used to drive the reaction (Fig. 1) . The control experiment shown in Fig. 5C shows that these results were not an artifact of the prolonged incubation required to obtain sufficient cDNA hybridization; cDNA that was hybridized with poly(A)+mRNA during a 40 hr incubation was largely resistant to cleavage by Si nuclease (Fig. 5C ; compare with Fig. 2) . We interpret the results to indicate that intervening sequences in genomic DNA generally are transcribed. The apparently higher frequency of these transcripts (relative to coding sequences) in poly(A) than in poly(A)+ large nuclear RNA suggests that polyadenylation and splicing of poly(A) mRNA precursors are events that occur in rapid succession (see Discussion).
DISCUSSION
We have presented evidence for the frequent occurrence and transcription of intervening sequences within coding sequences in mouse DNA. Our results add support to the idea of the generality of split genes (at least for genes expressed via poly(A)+mRNA) which has been suggested from studies on a few specific genes. Our evidence is based on the observation of extensive Sl nuclease cleavage of a complex cDNA probe, after annealing with high molecular weight DNA or nuclear RNA. The principle of this type of experiment has previously been employed for mapping transcripts of viral DNA on their respective genomes (47, 48) and in the demonstration of discontinuous genes coding for mouse immunoglobulins (8, 4) Measurement of the complexity of mouse brain poly(A) mRNA by saturation hybridization with single copy DNA (21, 24) has shown that this population is comprised of about 90,000 different species of average size (-1.5 kb). We have estimated that -70,000 species are present in the lowest frequency class of poly(A)+mRNA whose transcripts contribute significantly to the mass of cDNA ( ; about 40% of the total cDNA mass was representative of this complex mRNA class. Assuming that the cDNA was representative of its template mRNA in terms of complexity (see below for discussion of this point), the observation (Fig. 1) (Fig. 4) , was similar to that observed with a total cDNA probe (Fig. 1) . This result implies that tens of thousands of split genes are present in the mouse genome.
Intervening sequences have previously been demonstrated in numerous individual genes in eukaryotes (see Introduction). However, apart from excepions (12, 17) viral genes, the genes studied have, with few exceptions, been those coding for highly abundant polypeptides produced in specialized cell types. To our knowledge, the experiments presented here provide the first evidence that a highly complex mRNA population is encoded by split genes.
As already noted (results not shown), we also observed substantial S1 It is unlikely that the cleavage of cDNA shown in Fig. 1 In the experiment using genomic DNA driver (Fig. 1 Fig. 3 ). In all experiments, conditions of Si nuclease treatment were such that almost complete digestion of single strand DNA was obtained (see Materials and Methods) and it is not known why only a fraction of the heteroduplex was cleaved (Fig. 3) . It is possible that efficient cleavage of the unlooped strand of a heteroduplex depends on local destabilization of base pairing resulting from the presence of the loop. Thus, the probability of S1 nuclease cleaving the unlooped strand before substantially digesting the single strand loop would determine the extent of cleavage observed. Alternatively it is possible that S, nuclease might show some sequence preference for cleavage and that the result shown in Fig. 3 However, the extent of S1 nuclease cleavage of the cDNA seen after hybridization with >30S poly(A)+RNA was relatively small compared with that seen after hybridization with the >30S poly(A) fraction (cf. Figs. 5A, B and D). It therefore appears that only the latter fraction contained a high frequency of interrupted coding sequences. These observations suggest that polyadenylation, cutting and splicing of mRNA precursor molecules generally occur in rapid succession. Evidence that polyadenylation precedes splicing has been reported for viral transcripts in SV40 (4) and adenovirus infected cells (5) Finally, it should be emphasized that the conclusions drawn here apply only to genes expressed via poly(A) mRNA. Histone genes in sea urchin (59) and Drosophila (6) lack intervening sequences; conceivably this might generally be true for other genes expressed via nonpolyadenylated mRNA. We have recently provided evidence for the existence of a complex class of nonpolyadenylated mRNA in the mouse brain (24) . Work is in progress to determine whether this class of mRNA is encoded discontinuously.
